Clinical studies performed by us and others have found an association between slime production and strains of coagulase-negative staphylococci that infect indwelling medical devices. By serial low-speed centrifugation of broth cultures we have isolated a stable, weakly adherent strain (RP62A-NA) from a strongly adherent, slime-producing, pathogenic strain of Staphylococcus epidermidis sensu stricto (RP62A, ATCC 35984). We obtained a second strain from RP62A-NA (RP62A-NAR) by serial subculture of glass-adherent cells of RP62A-NA. All three strains had the same pattern of biochemical reactions, antimicrobial susceptibilities, and plasmid analysis. Transmission electron micrograph sections stained with the mucopolysaccharide-specific stain alcian blue demonstrated that the adherent strains RP62A and RP62A-NAR were covered with an extracellular coat of polysaccharide-rich material. In contrast, the nonadherent RP62A-NA strain lacked this external coat. All three strains were used in a mouse model of foreign body infection and a rat model of catheter-induced infective endocarditis. The adherence characteristics of isolates of RP62A and RP62A-NA recovered from experimental animals were relatively stable, although we noted a slight but a significant increase in the adherence of RP62A-NA isolates recovered from the foreign body model. The adherence characteristics of RP62A-NAR isolates recovered from infected animals were variable; in general these isolates were less adherent than the laboratory strain of RP62A-NAR. In both models the 50% infective dose (calculated by the Reed and Muench method) was three times greater for the RP62A-NA strain than for the RP62A strain. The phenotypic expression of slime production is subject to both in vitro and in vivo variation and could play a role in the pathogenesis of foreign body infection.
Infections with Staphylococcus epidermidis are almost exclusively limited to indwelling medical appliances such as intravascular catheters, cerebrospinal fluid shunts, prosthetic cardiac valves, artificial cardiac pacemakers, and orthopedic appliances (7) . This selective virulence suggests the existence of bacterial factors that enable S. epidermidis to opportunistically infect foreign bodies. One of these factors could be a preferential ability to adhere to and colonize the smooth surfaces of medical devices.
Bayston and Penny first proposed this hypothesis in 1972, when they observed that strains of coagulase-negative staphylococci (CNS) that caused cerebrospinal fluid shunt infections formed adherent mucoid deposits on cerebrospinal fluid shunts in vitro (6) . Our interest in this problem began in 1979, when we conducted an epidemiologic investigation into a cluster of patients with CNS intravascular catheterassociated sepsis (9) . In the course of these investigations we developed a collection of strains with a well-established clinical (9) , epidemiologic (9) , and bacteriologic (10) pedigree. While examining this collection, we found that in Trypticase soy broth (TSB; BBL Microbiology Systems, Cockeysville, Md.) certain strains of CNS coated the culture tube walls with a viscid film of bacteria or "slime" (12) . In subsequent studies we quantitatively measured slime production and found an association with pathogenic strains of CNS isolated from infected intravascular catheters (14) and cerebrospinal fluid shunts (14, 47) . Recently other clinical investigators have also noted an association between slime production and pathogenic strains of CNS (15, 23) . Scanning electron micrograph surveys of naturally infected intravascular catheters (16, 28, 36) , pacemaker leads (29, 38) , and * Corresponding author. peritoneal dialysis catheters (4, 30) have found thick coats of adherent cocci caked in amorphous materials. The morphologic similarity between these naturally infected materials and catheters coated in vitro with slime (12, 37) suggests that this process occurs in vivo as well as in vitro.
To further test this hypothesis, we studied two animal models of medical device infection, a mouse model of foreign body infection and a rat model of intravascular catheter-induced endocarditis. The mouse model uses sections of subcutaneously implanted intravascular catheters challenged by local injections of bacteria to mimic catheter site infections (13) . In the rat model the heart valves are first traumatized by a catheter and then challenged by an intravascular injection of bacteria (2, 3) . In addition to endocarditis this model has features analogous to catheterassociated bacteremia and sepsis. These studies have demonstrated the importance of the foreign body to predisposing the host to infection with CNS (13) . They also have found that as a species S. epidermidis sensu stricto is more virulent than Staphylococcus hominis (3). So far, however, we have failed to experimentally demonstrate an association between slime production and virulence. This may be because we compared different strains of slime-producing and -nonproducing CNS (3). It is still possible that slime production is a virulence factor, but that the influence of slime production on virulence is overwhelmed by other interstrain factors.
Many bacteria-for example, Streptococcus mutans (31, 46) , Neisseria gonorrhoeae (43) , and Escherichia coli (22, 34)-differentially express their adhesins so that at all times the bacterial population consists of a mixture of phenotypes with different adhesive properties (reviewed in reference 11). It was possible that slime-producing strains of S. epidermidis also exhibited a mixture of adhesive phenotypes. If so, we S. EPIDERMIDIS SLIME VARIANTS 2871 could exploit this situation and compare the virulence of slime-producing and -nonproducing variants.
By using a broth enrichment procedure for nonadherent bacterial cells and strain RP62A (ATCC 35984), a slimeproducing S. epidermidis sensu stricto strain (3) isolated from a patient with intravascular catheter-associated sepsis (9), we obtained a stable, less adherent daughter variant strain (RP62A-NA). By reversing the isolation process and enriching for adherent organisms, we recovered from RP62A-NA a second-generation strain with partially recovered adherence properties (RP62A-NAR). In this report we describe the isolation of these organisms and compare their virulence in the rat and mouse models for foreign body infection. Our findings support the contention that slime production is important to the pathogenesis of S. epidermidis foreign body infections.
( MATERIALS AND METHODS Animal models. Foreign body infections in mice were produced as previously described (13) . Sections (1 cm) of intravascular catheter (14-gauge Intracath; Deseret, Sandy, Utah) were aseptically inserted under the skin over both flanks of adult Swiss albino mice (NIH strain; Harlan Laboratories, Indianapolis, Ind.), secured in place with a single silk suture, and allowed to heal. Three days later the animals were challenged by an injection of bacteria at the site of the implanted catheter. After 10 days the animals were sacrificed, and the catheters were cultured in TSB. A catheter was counted as infected if the catheter culture yielded the challenge strain. Endocarditis in rats was produced by an adaptation of the method of Santoro and Levison (39) as previously described (2, 3) . Polyethylene catheters (Intramedic PE10; ClayAdams, Persippany, N.J.) were passed into the left ventricle of adult male Wistar rats (Harlan) via the right common carotid artery and tied in place. After 48 h, the animals were injected intravenously with the bacterial challenge inoculum via the tongue vein. The animals were sacrificed 4 days later, with venous blood cultures performed before sacrifice. Intracardiac catheters and vegetations were taken for culture. Vegetations were weighed and homogenized with a mortar and pestle in 1 ml of sterile phosphatebuffered saline (0.005 M phosphate-0.15 M NaCl, pH 6.8) for quantitation of organism concentration per gram of vegetation tissue. An animal was counted as infected if the culture of the vegetation yielded the challenge strain. Bacterial inoculums for both models were prepared by suspending bacteria scraped from 5% sheep blood agar in phosphatebuffered saline to a set concentration as judged by turbidimetry. This procedure minimizes autoagglutination due to slime production (unpublished observation). The smoothness of the inoculum was also checked by Gram stain.
The animal studies were performed in two separate laboratories, and for the following reason the bacterial challenge was enumerated in two different manners. Because the mouse model of foreign body infection (performed by G.D.C.) was easy to prepare, large numbers of mice with implanted catheters were challenged simultaneously. In contrast the rat model of catheter-induced endocarditis ( Microorganisms. We collected the strain RP62A (ATCC 35984) from a patient with intravascular catheter-associated sepsis while investigating an outbreak of these infections (9) . The bacteriologic characteristics of this strain have been previously described (10, 13) . RP62A produces betalactamase and is resistant to methicillin, clindamycin, erythromycin, and gentamicin and susceptible to chloramphenicol and tetracycline. The organism is unusual in two respects: first, it is a phosphatase-negative S. epidermidis sensu stricto (10, 13) ; second, as opposed to most CNS, RP62A produces slime in both TSB (the commercial preparation includes 0.25% [wt/vol] glucose) and TSB prepared without glucose supplementation (BBL) (14) .
Characterization of daughter strains. All daughter strains generated by in vitro manipulations or obtained from infected animals were characterized by Gram stain, catalase production, and antimicrobial susceptibility pattern by the disk diffusion method. The strains generated by in vitro techniques and randomly selected strains from infected animals were further characterized by (i) biochemical reaction patterns in the API Staph-Ident system (Analytab Products, Plainview, N.Y.) and API Staph Trac system (Analytab Products [previously marketed as DMS Staph Trac; DMS Laboratories, Flemington, N.J.]) and (ii) plasmid pattern analysis. Plasmid pattern analysis was performed according to the method of Parisi (21) . The three strains RP62A, RP62A-NA, and RP62A-NAR were also grown in TSB, fixed and stained with alcian blue, and examined by transmission electron microscopy as previously described (12) .
Adherence measurements. Slime production was quantitatively examined with the spectrophotometric technique as previously described (14) . Briefly, overnight cultures in TSB were diluted 1:100 in fresh TSB and in TSB without glucose. Portions (0.2 ml) were placed in sterile microtiter tissue culture plates (Microtest III, Falcon no. 3072; Becton Dickinson Labware, Oxnard, Calif.). After overnight incubation at 37°C, the contents of each well were aspirated and washed four times with 0.2 ml of phosphate-buffered saline (pH 7.2). Adherent organisms were fixed in place with Bouins fixative and stained with Huckers crystal violet. Excess stain was rinsed off with running tap water. After the organisms were dried, the optical density (OD) of the stained adherent bacterial films were measured with a MicroElisa Auto Reader (MR580; Dynatech Laboratories, Alexandria, Va.) by using lambda test and a wavelength of 570 nm.
The measurement was performed in quadruplicate, repeated three times, and averaged. The averaged raw data were then transformed by the following formula: adherence = the square root of the (average OD in TSB)2 + the (average OD in TSB without glucose)2.
This formula combines the adherence in glucose-rich and glucose-poor media into a single nondimensional adherence value (14) . The in vitro adherence of CNS can vary markedly between these two media (14 (32) . We applied this approach to our collection of four strains of CNS that we have described in previous reports (3, (12) (13) (14) . Three of these strains, RP12 (ATCC 35983), RP14 (ATCC 35981), and RP62A (ATCC 35984), produce slime; one strain, SP2 (ATCC 35982), does not. We obtained phenotypic variants from only one strain, RP62A. Briefly, overnight cultures of RP62A in TSB were enriched for less adherent organisms by slowly centrifuging (500 x g) the culture tubes; this enriched the supernatant for nonadherent organisms by clearing the broth of autoagglutinated bacteria. Ten microliters of cleared broth was then recultured in fresh broth, and the culture cycle was repeated until the bacteria no longer produced a visible film of slime (RP62A-NA) (Fig. 1) . We then reversed the selection process to isolate more adherent daughter strains from RP62A-NA. After overnight growth, culture tubes with slime-nonproducing bacteria were emptied and filled with fresh TSB; this enriched the culture tube for glass-adherent bacteria. The process was serially repeated until we obtained a strain (RP62A-NAR) from RP62A-NA that produced slime (Fig. 1) . On the average 10 to 15 passages were required to isolate either less adhesive or more adhesive variants.
Changes in slime production were quantitatively confirmed. The mean adherence value for RP62A-NA of 0.452 ± 0.245 was considerably and significantly (P < 0.001) lower than the mean adherence value of 1.594 ± 0.054 for RP62A. The adherence value of 1.201 ± 0.311 for RP62A-NAR was significantly (P < 0.001) lower than the adherence value for RP62A but significantly (P < 0.001) higher than the adherence value for RP62A-NA.
After propagation in TSB and examination by transmission electron microscopy, we found that both RP62A ( Fig.  2A ) and RP62A-NAR (Fig. 2C) were covered with an external coat of alcian blue staining material, whereas RP62A-NA was not (Fig. 2B) . Because alcian blue selectively stains for mucopolysaccharides (35) , this finding indicated that the external polysaccharide-rich material accounted for slime production.
These three strains were then subjected to extensive bacteriologic characterization to demonstrate their common lineage. We were fortunate in this regard in that the parent strain, RP62A, is phosphatase negative (which is atypical for S. epidermidis sensu stricto strains [40] ) and exhibits a complex antimicrobial susceptibility pattern. Both RP62A-NA and RP62A-NAR exhibited the same antimicrobial susceptibility patterns and biochemical reaction patterns as the parent RP62A strain (all strains had codes of 2000 (phosphatase negative) with the API Staph-Ident system and codes of 6706113 with the API Staph Trac system, were resistant to penicillin, methicillin, aminoglycosides, erythromycin, and clindamycin, and were susceptible to chloramphenicol, cephalosporins, novobiocin, and tetracycline). We have previously demonstrated that such a concordance in both biochemical reaction patterns and antimicrobial susceptibility patterns indicated a high statistical probability that organisms isolated at different times and circumstances from a common source were actually derived from the same parent strain (10) .
To further ensure that these strains were phenotypic variants of RP62A, we also performed plasmid fingerprint analysis on both the laboratory-generated daughter strains and selected isolates from infected animals (Fig. 3) . This approach has been shown for CNS to be the most reliable method for demonstrating strain identity (reviewed in reference 1). Plasmid pattern preparations of RP62A, RP62A-NA, RP62A-NAR, and selected animal isolates all showed the same pattern consisting of a single chromosomal band (Fig. 3) . This pattern was in contrast to those of RP12 and a random selection of other CNS strains, all of which produced multiple and different plasmids (Fig. 3) . Admittedly, the plasmid preparations were compromised by the lack of a complex pattern. Nevertheless, our demonstration that the daughter isolates of RP62A were identical to the parent strain for a wide variety of characteristics confirmed that RP62A-NA and RP62A-NAR were indeed phenotypic variants of RP62A.
We then examined the phenotypic stability of slime production through animal passage and compared the relative virulence of these strains in two animal models of medical device-associated infection. In both animal models the adherence values for RP62A and RP62A-NA were relatively stable through animal passage (Fig. 4 and 5) , although an analysis of variance detected a slight but significant (P < 0.05) drift toward greater adherence by daughter isolates of RP62A-NA isolated from the mouse intravascular catheter site infection model. In contrast the RP62A-NAR strain was unstable through animal passage, with most of the daughter isolates exhibiting less adherence than the laboratory parent strain (Fig. 4 and 5) . Stock cultures of the laboratory strain of RP62A-NAR also demonstrated unstable slime production; they tended to lose the ability to produce slime with time, but slime production could be regenerated by serial culture of glass-adherent cells as described above.
Both animal models were challenged by a series of 10-fold dilutions of the inoculum. In the rat catheter-associated endocarditis model the infection rate went from 0% at 104 CFU to 100% at 106 CFU (Fig. 6) ; in contrast in the mouse foreign body infection model the infection rate did not approach 100% until we used 107 to 108 CFU (Fig. 7) . We RP62A-NA RP62A-NAR FIG. 4 . The smooth surface adherence properties of strains of bacteria isolated from infected animals were determined by measuring the optical density of bacterial films adherent to plastic tissue culture plates. The data are expressed as adherence values (see text and reference 6 for details on the calculation); high values indicate highly adherent strains, and low values indicate poorly adherent strains. This figure presents the data for strains isolated from infected subcutaneous catheters implanted in mice. Isolates obtained from animals challenged with the slime-producing, highly adherent strain, RP62A, remained highly adherent. Isolates obtained from the slime-nonproducing, weakly adherent daughter strain, RP62A-NA, remained weakly adherent, although a significant (P < 0.05) drift toward greater adherence was noted. In contrast to the stable adherence values of animal isolates of RP62A and RP62A-NA, the adherence values for animal isolates of the second-generation, slime-producing, highly adherent strain, RP62A-NAR, were unstable through animal passage with values ranging across the scale.
virulence of these strains (Table 1) . In both animal models and in all experiments, the RP62A-NA strain was less virulent than the parent RP62A strain. When the ID50 was calculated by the Reed and Muench method, virulence varied by a factor of 3. When the ID50 was graphically estimated by the Miller and Tainter method, the differences in virulence remained but were less apparent ( Table 1) . The Miller and Tainter method also allows for an estimation of the standard error and 95% confidence intervals. With this analysis the virulence differences were not statistically significant. The differences in virulence were significant for both animal models if the number of infected animals (or catheters) was compared with the number of noninfected animals by x2 analysis for inocula in the range of the ID50 (Fig. 6 and 7) . In summary, the differences in virulence between RP62A and RP62A-NA were measurable and consistent from experiment to experiment and model to model but slight and statistically inconclusive. This was probably because our 10-fold variation in the inocula was too large to reliably detect a 3-fold variation in virulence.
The RP62A-NAR strain recovered its virulence in the mouse model (Fig. 5) for strains isolated from rats with catheter-induced endocarditis.
The results parallel the observations made in the mouse subcutaneous catheter infection model. Isolates obtained from animals challenged with the slime-producing, highly adherent strain, RP62A, remained highly adherent. Likewise, isolates obtained from the slime-nonproducing, weakly adherent daughter strain, RP62A-NA, remained weakly adherent. In contrast the adherence values for animal isolates of the second-generation, slime-producing highly adherent strain, RP62A-NAR, were unstable through animal passage.
DISCUSSION
Many species of disease-causing bacteria exhibit spontaneous phenotypic variation in the display of virulence and colonization factors. The increased virulence of smooth (encapsulated) forms of pneumococci in comparison to rough forms in one well-known example (18) . A similar example concerning Staphylococcus aureus is the observation that the encapsulated Smith strain produces spontaneous rough variants on in vitro culturing (42) . The smooth forms have proven more virulent than the rough forms in a mouse intraperitoneal challenge model (26) ; however a dif- RP62A produced significantly more and RP62A-NAR produced significantly fewer infections than RP62A-NA (x2, P < 0.01). The ID50s were, however, too close to confidently state that RP62A has greater virulence than RP62A-NA or RP62A-NAR. See Table 1 The cumulative percent infection rate for sections of intravascular catheters implanted in mice challenged with RP62A, RP62A-NA, and RP62A-NAR. At all levels RP62A produced more infections than the daughter strains; with challenge inoculums at the level of 107 CFU, RP62A produced a significantly (X2 test, P < 0.05) more infections than RP62A-NA and RP62A-NAR. The ID50s were, however, too close to confidently state that RP62A has greater virulence than RP62A-NA or RP62A-NAR. See Table 1 for the ID50s. ference in virulence could not be detected when the animals were challenged by the intravascular route (26) .
Spontaneous variation in colonization factors has been well described in several systems. N. gonorrhoeae, for example, produces two separate adhesive systems: pili and type II outer membrane protein. Either or both of these adhesins may or may not be present on the bacterial cell surface, a condition which strongly influences the ultimate ability of the organism to colonize the host and cause disease (24, 25, 43; reviewed in references 44 and 45) . E. coli displays many forms of fimbriae with host colonization specificity. Two forms of fimbriae, type 1 and 987P, exhibit frequent spontaneous switching from fimbriated to nonfimbriated forms and vice versa, a phenomenon referred to as phase variation (reviewed in references 22 and 34). As previously described, in sucrose-rich media S. mutans produces glucans which serve to bind the cells onto a solid substrate into a thick viscid layer known as "artificial plaque" (17, 20) but morphologically indistinguishable from slime. Unlike the previous examples, to the best of our knowledge variations in glucan production do not arise spontaneously. Nevertheless, the adherence of S. mutans also depends upon the surface hydrophobicity of the organism; spontaneous variants with diminished surface hydrophobicity and adherence ability have been described for S. mutans (31, 46) ; Ofek and Beachey have suggested that such variation in the display of adhesive structures is necessary for the successful bacterial pathogen to accomplish the simultaneous but inimical goals of adhering to host tissues but repelling phagocytosis (33) .
Considering the above observations it is not at all surprising that by manipulating the in vitro culture conditions we were able to find, for at least one strain of S. epidermidis sensu stricto, daughter strains with altered adherence characteristics. Nevertheless' this is to our knowledge the first report of spontaneous variation of slime production in CNS. We believe that the in vitro and in vivo variation in slime production could prove to be an important consideration in future clinical and laboratory studies concerning slime and foreign body infections. In this regard we would like to point out that in our hands phenotypic variation in vitro took place only after extensive selective passage of one of four strains; furthermore, although phenotypic variation of slime production took place in vivo the changes were relatively slight. Obviously further studies will be required to determine the role of phenotypic variation in the pathogenesis of foreign body infections.
Our observation that the slime production was subject to spontaneous variation in expression provided us a mechanism by which we could compare the virulence of organisms that were genetically identical but differed in their expression of slime production. In performing these studies we did not expect the adherence properties of these organisms to remain relatively st'able through animal passage. Considering our hypothesis that slime production was a virulence factor, we anticipated a selection process through the course of an infection that would make the nonadherent RP62A-NA strain more adherent. We did observe a significant and measurable increase in the adherence ability of fimbria production. It is also possible that slime production maybe more important to the pathogenesis of a foreign body infection than to the pathogenesis of endocarditis. This last possibility would be consistent with our human data, which have shown slime production to be associated with intravascular catheter and cerebrospinal fluid shunt infections but not with prosthetic and natural valve endocarditis (14) . For both models the ID50 of the adherent parent strain (RP62A) was one-third that of the less adherent daughter strain (RP62A-NA). Although this difference was not impressive and of questionable statistical significance, it was consistent between the two animal models and from experiment to experiment. These findings are as far as we know the strongest laboratory evidence in support of slime production as a virulence factor for S. epidermidis.
For the mouse model we were able to partially restore virulence to RP62A-NA by back-selecting for a more adherent strain, RP62A-NAR. This observation lended further support to our hypothesis, but it also introduced several anomalies into the data. First, RP62A-NAR only partially recovered its ability to produce slime; second, the ability to produce slime was unstable through in vitro and in vivo passage. This instability may explain our failure to demonstrate recovery of virulence by RP62A-NAR in the rat model or full recovery of virulence in the mouse model.
The incomplete recovery of adherence by the RP62A-NAR strain is perplexing. We would expect full recovery of the ability to produce slime if a single gene product was spontaneously switching on and off as has been found for type 1 fimbriae of E. coli. On the other hand if slime production parallels artificial plaque production and is a complex phenomenon that depends upon the presence of several factors, second-generation daughter strains recovered from nonadherent first-generation strains may not have the full adherence attributes of the original adherent parent strain. Similarly, if slime production depends upon an adhesin that undergoes continuous spontaneous qualitative changes, such as the type II outer membrane proteins of N. gonorrhoeae (27), we would not expect second-generation strains to have adhesive characteristics identical to those of the original parent strain. With transmission electron microscopy we found qualitative differences in staining and morphology of the extracellular coating material between RP62A and RP62A-NAR; these differences could be an indication of our failure to fully regain the wild-type phenotype.
The instability of slime production by RP62A-NAR could also be explained by our selection process. By selecting for organisms that have first become nonadherent and then have redeveloped adherence we may have inadvertantly also selected for strains that revert from one condition to the other.
Resolution of these issues will require a better system for detecting and enumerating adherence variants of CNS. In similar studies concerning N. gonorrhoeae (43) and E. coli (19) , investigators detected spontaneous variation in the display of adhesins by noting a change in the colonial morphology on solid agar. By picking individual colonies, these investigators studied clonal variation. The studies we have reported here, however, used broth cultures which contain a mixture of closely related organisms. Although our phenotypic manipulations enriched the culture for one type or another, we never had the benefit of studying specific clones. In continuing work which will be the subject of future communications, we have transferred our system to solid media (13) 
